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METHOD OF FORMING THIN FILM USING ATOMIC LAYER DEPOSITION 

METHOD 

BACKGROUND OF THE INVENTION 

1. Field of tiielnvaidoii 

The present mvention relates to a method of fonning a ^ film, and mo^ 

particularly, to a method of forming a thin fihn using an atomic layer deposition (ALD) 
method. 

2. Desoiptionofthe Related Art 

In general, a thin fihn is used as a dielectric of a semiconductor device, a transparent 
conductor of a Hquid-aystal display, and a protective layer of an electroluminescent thm fihn 
display. A thin fihn may be foimed by a sol-gd method, a sputtering me&od, an electro- 
plating method, an evi^ration method, a chemical vapor deposition (CVD) meflwd, or an 

AU^mediod. ' , 

Among the methods, it is possible to obtam better step coverage by an ALD method 
than by the CVD meAod and it is possible to perform low temperature processing by the 
ALD method, hi an ALD method, the thin fihn is formed by decomposing a reactant not by 
pyrolysis, but by chemical exchange through periodic supply of the respective reactants. 
Here, a mediod of forming an alummum oxide fihn that can be used as a dielecdic fihn of a 
semiconductor device using a conventional ALD m^hod will be described in detail. 

FIG. 1 is a flovrchart of fte process of forming an ahmunum oxide film using a 
conventional ALD method HGS. 2A through 2D describe the reaction mechanism during 
the formation of the alummum oxide fihn Iqr the method of FIG. 1 . 

To be specific, a firet reactant A, that is, trimethylalummum (A1(CH3)3, 'TMA") 
composed of aluminum ai and a methyl ligand aa is injected into a reaction chamber (not 
shown), into which a silicon substrate is loaded (step 1). The reaction chamber is purged of 
an physisorbed first reactant A by injectmg an mert gas (step 3). Thus, only the first reactant 
A which is chemisorbed mto a substrate S remains bonded to fte substrate S as shown m FIG. 
2A. 
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A second reactant B, water vapor consisting of oxygen b] and a hydrogen radical l^, is 
injected into a reaction chamber containing (he substrate S into which the first reactant A is 
chemisorbed (step S). By doing so, the second reactant B is chemisorbed into fhe first 
reactant A as shown in FIG. 2B. 

The hydrogen radical hi of the chraiisorbed second reactant B moves to the methyl 
ligand of the first reactant A and the methyl ligand is separated from the first reactant A as 
shown in FIG. 2C. As shown in the chemical formula 1 and FIG. 2D, the hydrogen radical b2 
of the second reactant B reacts with the methyl ligand ai of the separated first reactant A and 
fomos a volatile vapor phase material D formed of CHi, An aluminum oxide film C is 
formed on the substrate S by the reaction between aluminum ai of the first reactant A and 

2Al(CHsh^3H20^Al2Qi^6CH4 

hydrogen bi of the second reactant B. 

The volatile vapor phase material D formed of CH4 and the un-reacted vvBpor are 
removed by pui^g the reaction chamber of the volatile vapor.phase material D formed of 
CH4 and the vapor by injecting inert gas (step 7). It il^ checked whether die aluminum oxide 
film is formed to an appropriate diickness (step 9) and'the steps 1 through 7 are cyclically 
repeated if necessary. 

In a conventional ALD method, since the methyl ligand a2 is removed by the 
movement of the hydrogen radical b2, sub-reaction occurs producing an OH radical that 
remains accordmg to the movement of the hydrogen radical 1)2, as described in the chemical 

Al(CHsh'^3H70'^Al(OH)^'^3CH4 

formula 2. 

When the sub-reaction occurs, undesired impurities such as A1(0H)3 are included in 
the aluminum oxide film C. When impurities such as Al(OH)3 are included, it is not possible 
to obtain desired thin film characteristics. In particular, when an aluminum oxide film 
including A1(0H)3 is used as a dielectric fihn of a semiconductor device, the aluminum oxide 
film including A1(0H)3 operates as a trap site for electrons or a current leakage site, thus 
deteriorating the characteristics of the dielectric filnL 
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SUMMARY OF THE INVENTION ' 
ft is an object of the present invration to provide a method of forming a high purity 
thin film by suppressing the form^on of undeared impurities vto an atoin^ 

deposition (AID) method is used. 

To achieve the above object, in a method of forming a thin fiUn u^ an atomic layer , 
deposition (AID) method accoi^i^ to an embodiment of the present invention, a first 
reactant including an atom that forms the thin fihn and a li^d is mjected into a reaction 
chamber that comprises a substrate so that ihe first reactant is chemisorbed into flie substrate. 
Any first reactant \^*ich is only physisort>ed into the substrate is removed by puigmg the 
reaction chamber with inert gas. A thin fihn in units of atomic layers is formed by a chemical 
reaction between the atom that forms the thin fihn and a second reactant whose buiditig 
oieigy wi& respect to the atom that forms the tlun fihn is larger than the binding energy of 
fbe ligand wiA respect to the atom that forms the Am fihn by mjecting Ihe seccaid reactant 
into the reaction chamber and flie Ugand is removed widiout g»eratmg byi»^ 

Accordmg to the present invention, the ligand of the first reactant A is separated by 
the difference in binding energy without the movement of a radical fix>m the second reactant 
B to the first reactant A. A volatile vapor phase material is formed by the combmation of 
li^mds and the vapor phase material is purged. Accordingly, smce it is possible to reduce ihs 
unpurities generated in the thin fihn by a sub-reaction without the movement of the radical, it 
is possible to obtain a high purity thm fihn. 

In a method of formmg a thm fihn usmg an AID method according to another 

embodunent of the present mvention, any first reactant which is only physisoibed is removed 
hy chemisorbmg^e first reactant mto the substrate and purgu^ ^ reaction dumber with 
m«t gas. The chemisorbed first reactant is diranically exdumged to form a metal-oxygen 
atomic layer fihn by injecting a second reactant which does not contam a hydroxide mto the 
reaction chamber. The physisorbed second reactant is removed by purging the reaction 
chamber with inert gas. A metal oxide fihn m units of atomic layers is formed while flie 
generation of a hydroxide is prevented by mjecting a tiiird reactant into the reaction chamber, 
thus chemically exdiai^ing the remauung chemisorbed first reactant to fiirther contribute to 
the formation of the metal-oxygen atomic layer. After mjecting tiie third reactant mto tiie 
reaction chamber, a fourth reactant such as ozone gas for removmg impurities and unprovmg 
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the stoichiometiy of the metal oxide film can be injected into the reaction chamber and the 
reaction chamber can be purged with inert gas. 

It is preferable that the first reactant is a metal reactant, that the second reactant which 
does not contain a hydroxide is N20, 02» O3, or CO2, and that the third reactant is oxidizing 
gas. The temperature of the reaction chamber is preferably maintained to be between 100 and 
400*^C from the step of injecting the first reactant to the step of mjecting the third reactanL 
The dangling bond of the surface of the substrate can be terminated by injecting oxidizing gas 
before injecting the first reactant, when the substrate is a silicon substrate. 

In a method of forniing a thm film using an ALD method accordiiig to anoth^ 
embodinient, any first reactant ^ch is only physisorbed into the substrate is removed by 
chemisorbing the first reactant into the substrate and purging the reaction chamber with inert 
gas. A thin film in units of atomic layers is formed by injecting a second reactant into the 
reaction chamber and chemically exchanging the first reactant to further contribute to the 
formation of the second reactant. A third reactant for removing impurities and improvii^ the 
stoichiometiy of the thin film is injected into the reaction chamber in which the thin fihn is 
formed after removing any physisorbed second reactant by purging the reaction chamber with 
inert gas. 

It is preferable that the first reactant is a metal reactmt and that the second an^ 
reactants are oxidizing gases. It is preferable that the first reactant is a metal reactant and that 
the second and third reactants are niiriding gases. The dangling bond of the surface of the 
substrate can be terminated by injecting oxidizing gas or nitriding gas before injecting the 
first reactant, when the substrate is a silicon substrate. The temperature of the reaction 
chamber is maintained to be between 100 and 400**C from the step of injecting the first 
reactant to the step of injecting the third reactant 

According to the method of forming the atomic layer thin fihn of the present invention, it is 
possible to prevent or suppress the formation of an undesii^ by-product such as hydroxide, 
to thus obtain a high purity thin film. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
The above object and advantages of the present invention will become more apparent 
by describing m detail a preferred embodiment thereof with reference to the attached 
drawings in which: 

FIG. 1 is a flowchart of the process of forming an aluminimi oxide iifan using a 
conventional atomic layer deposition (ALD) method; 

FIGS. 2A through 2D illustrate the reaction mechanism during the formation of the 
aluminum oxide film of FIG* 1 ; 

FIG, 3 schematically illustrates an apparatus for forming an atomic layer thin fiUn by 
an ALD method according to the present inv^on; 

FIGS* 4A through 4D illustrate the reaction mechanism of a method of forming a thin 
film using an ALD method according to a first embodiment of the present myention; 

FIG. 5 is a flowchart of the process of forming an aluminum oxide film according to 
the first embodiment of the present invention; 

FIGS. 6A through 6D illustrate flie reaction mechanism when tiie aluminum oxide 
film is formed usii^ the ALD ipethod of FIG. 5; 

FIGS. 7 and 8 are graphs showing residual g^ analysis (RGA) data vAitn the 
aluminum oxide film is formed by the conventional technology and the first embodiment of 
the present invention, respectivel)^ 

FIG. 9 is a graph showing the thickness of the aluininum oxide film according to the 
number of cycles when the aluminum oxide fihn is formed by the conventional technology 
and the first embodiment of the present invention; 

FIG. 1 0 is a graph showing stress hysteresis according to the temperature of 
aluminum oxide films formed by the conventional technology and the first embodiment of the 
present invention; 

FIG. 1 1 is a graph showing a percentage of contraction of thickness according to the 
post-annealing conditions of aluminum oxide fihns formed by the conventional technology 
and the first embodiment of the present inventioi^ 

FIGS. 12 and 13 are graphs shovnng absorption constants and indices of refiaction of 
aluminum oxide films formed by the convmtional technology and the first embodiment of the 
present inven^on according to wavelength; 
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FIG. 14 is a graph sho^ving wet etch rates of alummum oxide films fonned by the 
conventional technology and the first embodiment of the present invention accoiding to post- 
annealing temperature and the atmosphere gas; 

FIG. 15 is a sectional view showing the structure of a capacitor of a semiconductor 
device, for which a dielectric fibn formed by the first embodiment of the present invention is 
used; 

FIG. 1 6 is a sectional view showing the structure of a transistor of a semiconductor 
device, for which a dielectric fihn formed by the first embodiment of the present invention is 
used; 

FIG. 17 is a graph illustrating the leakage current characteristics of a conventional 
capacitor and a SIS capacitor, for which a dielectric fihn fonned by the first embodiment of 
&e present invention is used, according to applied voltage; 

FIG. 1 8 is a graph showing the takeoff voltage of the SIS capacitor, for which a 
dielectric film formed by the first embodiment of the present invention is used, according to 
the thickness of an equivalent oxide film; 

FIG. 1 9 is a graph showing the leakage Current characteristic of a MIS capacitor, for 
which a dielectric fihn fonned by the first embodiment of the present invention is used, 
according to applied voltage; 

FIG. 20 is a graph for comparing the leakage current characteristic of the MIS 
capacitor, for vAdch a dielectric fihn formed by the first embodunent of the present invention 
is used, witii the leakage current characteristic of a conventional capacitor, 

FIGS. 21 A and 21B are graphs showing leakage current characteristics according to 
applied voltage when the aluminum oxide fihns according to the conventional technology and 
the first embodunent of the present invention are used as capping films of a MIM capacitor, 

FIG. 22 is a flowchart of a second embodiment of tiie metiiod of forming a tirin fihn 
using an ALD method according to the present invention; 

FIGS. 23A through 23D illustrate a combination relationship between reactants 
adsorbed on a substrate when an aluminum oxide fihn is formed by a method of forming a 
tiun fihn usmg an ALD metiiod accordmg to the second embodiment of tiie present invention; 

FIG. 24 is an x-ray photoelectron spectroscopy (XPS) grq)h of tiie aluminum o^dde 
film fonned by a conventional ALD method; 
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FIGS- 25 A and 25B are graphs for showing the leakage cunent characteristics of 
ainnunum oxide fihns manufactured by the conventional method and the second embodiment 
of &e presmt invention, respectively; 

HG* 26 is a flovvchart of a meAod of forming a tlun fihn using an ALD meA 
according to a third embodiment of the present invention; 

FIG. 27 is a timing diagram shovraig the supply of reactants during the formation of a 
thin film usmg an ALD method according to the third embodiment of the present invention; 

HG. 28 is a graph showing the thiclmess of an duininum oxide fihn n^ 
the method of forming an atomic layer thin film accordiiig to the third embodiment of the 
present invention as a function of the number of times the steps of the method are repeated; 

HG. 29 is a graph for showing the uniformity of an aluminum oxide film 

manufactured by the method of formii^ an atomic layer thm fikn according to tiie third 
embodiment of die present invention; > 

FIGS. 30A and 308 are graphs for analydi^ the aluminum peaks of aluminum o»de 
fihns manufactured by the conventional technology and flie method of forming an atomic 
layer thin fihn according to the .third embodiment of the present invention, respectively, using 

XPS; ' 

HGS. 3 1 A and 3 1 B are graphs for andyzing the carbon peaks of aluminum oxide 

films manufactured by the conventional technology and the method of fonning a thin film 

using an ALD method according to the third embodiment of the present invention, 

respectively, using XPS; and 

FIG. 32 is a flowchart of a method of forming an atomic layer thin fihn according to a 

fourth embodiment of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The present mvention now will be described more fully with reference to the 
accompanying drawings, in which preferred embodiments of the invention are shown. This 
invention may, however, be embodied in many diflferent forms and should not be construed as 
being limited to the embodiments set forth herein; rather, these embodiments are provided so 
that this disclosure will be thorough and complete, and will fiiUy convey the concept of the 
invmtion to ttiose skilled in the art. In the drawings, the thickness of layers and regions are 
exaggerated for clarity. It will also be understood that when a layer is referred to as being 



7 



"on" another layer or substrate, it can be directly on the other layer or substrate, or intervening 
layers may also be present. The same reference numerals in different drawings represent the 
same elements, and elements will only be described once. 

FIG. 3 illustrates an apparatus for formmg an atomic layer thin film using an atomic 
layer deposition (ALD) method according to the present invention. The apparatus includes a 
reaction chamber 1 1 that can be heated by an external heater (not shown), a susceptor 13 
installed at the bottom of the reaction chamber 1 1 to support a substrate IS, for example, a 
silicon substrate thereon, a shower head 1 7 installed above the susceptor 13 so that reaction 
gas may be injected into the reaction chamber 1 1 , and a vacuum pump 19 connected to the 
reaction chamber 1 1 in order to control the pressure inside the reaction chamber 1 1 . 

Two gas inlets A and B, which are separated fix)m each other, are connected to the 
shower head 17. A first reactant, mert gas, a second reaotant, and a third reactant can be 
injected mto the shower head 1 7. The first reactant is a metal reactant. The Inert gas is 
nitrogen gas or argon gas. The second reactant is oxidizing gas which does not contain a 
hydroxide, for example, N2O, O2, 03, or CO2 gas or water vapor. The third reactant is water 
vapor or a material that includes an oxygen radical as, an activated oxidising agent, such as 
ozone, O2 plasma or N2O plasma. In FIG. 3» the secotid reactant and the third reactant are 
installed separately, however, they can be installed together. 

The fbrst reactant and inert gas are injected into the reaction chamber 11 through the 
gas mlet A. The second reactant and the third reactant are injected into the reaction chamber 
1 1 through the gas inlet B. The first reactant, the second reactant, and the third reactant have 
different gas inlets in order to prevent them fix)m reacting with each other inside a gas inlet. 
The injection of the first reactant and inert gas into the reaction chamber 1 1 is controlled by a 
first valve VI and a second valve V2. The injection of the second reactant and the third 
reactant into the reaction chamber 1 1 is controlled by a third valve V3 and a fourth valve V4. 

Various embodiments of a method according to the present invention of forming an 
atomic layer thin fihn using the above-described apparatus will now be described. 

Fkst Embodiment 

FIGS. 4'A through 4D illustrate the reaction mechanism of a method of forming a thin 
fihn using an ALD method according to a first embodiment of the present invention. After a 
first reactant A, consisting of an atom ai that forms a thin film and a ligand a2, is chemisorbed 
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into a substrate 15. for example, a silicon substrate, by injecting Ae first reactant A into a' 
leaction chamber 1 1 into which the substrate is loaded, the physisorbed first reactant A is 
removed by purging the reaction chamber by iiqecting the inert gas (FIG. 4A). 

A second reactant Bis injected into the reaction chamber 11 containing the substrate 
into which the first reactant A is adsorbed. By doing so, the second reactant B is chemisorbed . 
into the first reactant A An imperfect material that actively reacts with the first reactant A is 
used as the second reactant B. A material, in wMch Ae binding energy between Ac second 
reactam B and the thin film fonnmg atom a I of the first reactant A is larger than the bindu^ 
energy between the thin film forming atom ai of the first reactant A and the ligand a2, is used 

as the second reactant B (FIG. 4B). 

Since the binding energy between the second reactant B and the thin fihn forming 

atom ai of the first reactant A is larger than the binding energy between the Ain fihn 

atom a, of the first reactant A and the ligand 82, the second reactant B is combined with ti^ 

Ain film forming atom ai of the first reactant A and the ligand az is separated fiom the first 

reactant A (nG.4C). 

Since the ligand a2 separated fiom the first reactant A is unstable, a vobdile vapor 
phase material D is formed by combination of the Hgands aj. A thin fihn C in units of atomic 
layers is formed on the substrate 1 5 by a reaction between the thin fihn forming atom a, of the 
first reactant A and the second reactant B. The volatile vapor phase material D is removed by 
purging wth the inert gas (FIG. 4D). 

A case where the method of forming a thin fihn using a difference m bindmg energy, 
which is described in FIGS. 4A through 4D, is appUed to forming an aluminum oxide fihn 
will be taken as an example. 

HG. 5 is a flowchart of the process of formmg an aluminum oxide fflm according to a 
first embodiment of the present invention. HGS. 6A tiiroUgh 6D iUustrate the reaction 
mechanism when the aluminum oxide fihn is formed using tiie ALD method of HO. 5. Tbt 
first reactant A such as trimethyl alummum (A1(CH3)3, TMA) consisting of thm fihn fomring 
ahraiinum a, and a methyl ligand a2 is mjected into tiie reaction chamber 1 1 , into which tiie 
substrate 15. for example, a silicon substrate, is loaded (step 101). The physically adsorbed 
TMAisrem6vedbypurgmgwithmertgas(8tepl03). By doing so, only IMA that is 
chemisorbed into the substrate 15 as shown in FIG. 6A remams. 



The second reactant such as ozone B that is an oxidizing agent is injected into the 
reaction chamber 11, into which the TMA is adsorbed (step lOS). By doing so, ozone B is 
cheniisorbed into alunununi ai of the l>fA as sho\vn in FIG. 6B* 

Ozone B is an imperfect material that actively reacts with ThlA. The binding energy 
between ozone B and aluminum ai of the TMA is about 540 kJ/mol, which is larger than the 
binding energy between aluminimi ai of the TMA and the methyl ligand aa (for example, Al- 
C binding energy) which is 255 kJ/mol. Since the binding energy between ozone B and thin 
fihn forming aluminum ai of the TMA is larger than the binding energy between thin film 
forming aluminum ai of the TMA and the methyl ligand a2, the methyl ligand a2 is separated 
from the TMA as shown in FIG. 6C 

Also, since the methyl ligand aa sq)arated froni the TMA is unstable, a volatile vapor 
phase material D formed of QHe is formed by the combination of the mediyl ligands ai as 
shown m FIG. 6D. An aluminum oxide film C in units of atomic layers is formed on the 
substrate 15 by the reaction between thin fihn forming aluminum ai of the TMA and ozone B 

2Al(CHs)s'^Os^AhOs'^3C2H6 

as shown in the chemical formula 3. 

The volatile vapor phase material D formed of C2H6 and the un-reacted methyl ligands 
a2 are removed by purging the reaction chamber a second time with the inert gas (step 107). 
It is checked whether the aluminum oxide film is formed to an appropriate thickness (step 
1 09) and the steps 1 0 1 through 1 07 are cyclically repeated if necessary. 

Ozone is used as the second reactant in the present embodiment. However, ozone can 
be activiated more using ultraviolet (UV) rays, or O2 plasma or N2O plasma can be used as the 

TMA-^02(activated) _ 4Al(CHs)s'^302 Ah03'^6C2H6 

activated oxidizing agent instead of ozone as shown in the chemical formula 4. 

FIGS. 7 and 8 are graphs showing residual gas analysis (RGA) data \;^en an 
aluminum oxide film is formed by the conventional technology and the first embodiment of 
the present mvention, respectively. In FIGS. 7 and 8, the aluminum oxide film is fomled in 
the sections maiked with arrows. 
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Since the form of the removed ligand varies according to the mechanism vnHh which 
the second reactant B reacts with the first reactant A as mentioned above, the material 
generated diiring a process varies. Namely, when the TMA and water vapor (H2O) are used 
as the first reactant A and the second reactant B, respectively, as in tiie case for FIG. 7, CH3 
and CH4 » ^ch are foraied by receiving a hydrogen radical from water vapor (H2O), are 
detected as the main by-products. When the TMA and ozone are used as the first reactant A 
and the second reactant B, respectively, as is the case for FIG. 8, CH3 ligands are removed, 
and thus C2H5 or C2H6 is detected as a main by-product 

FIG^ 9 is a graph showing the thickness of the aluminum oxide fihn according to the 
number of Qrcles \^en the aluminum oxide fikn is formed by the conventional technology 
and the first embodiment of the present invention. • The thickness of a deposited thin film is 
determmed by the number of supply cycles of each reactant since an atomic layer deposition 
(ALD) method is a surface controlling process. Namely, when the thickness increases 
linearly with the number of cycles, it means that the thin film is formed by an ALD method. 
As shown in FIG. 9, since the thickness linearly increases in the conventional technology and 
in the present invention, it is n6ted that the thin film is formed by an ALD method. 

The difference in latent cycles between the conventional technology (marked with 
•in which water v^r is used as the second reactant and the present invention (marked w^tfa 
O), in which ozone is used as the second reactant B is shown. Namely, tiie tiun fihn is 
deposited fix>m an initial cycle without a latent cycle in the present invention (maiked with 
O). However, the thin film is deposited after the lapse of a latent period of 12 cycles in the 
conventional technology (marked with From this, it is noted that the aluminum oxide 
film is more stably formed in the present invention since the thin film is formed by a 
heterogeneous reaction. 

FIG. 1 0 is a graph showing the stress hysteresis according to the temperature of 
aluminum oxide films formed by the conventional technology and the first embodiment of the 
present invention. 

To be specific, in the stress hysteresis (marked with □) of tiie conventional aluminum 
oxide fihn formed by using TMA as the first reactant A and using water v^ 
reactant B, thcj form of stress changes &om tensile stress into compression stress at 450®C. 
Mean\^le, in the stress hysteresis (marked with •) of tiie aluminum oxide film according to 
the present invention, which is formed by using the TMA and ozone as the first reactant A 
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and the second reactant B, respectively, the form of stress is tensile stress throughout the 
entire temperatiire range, that is, a stress mode does not change. Accordingly, it is noted that 
the fihn formed according to the present invention is more stable against heat 

FIG. 1 1 is a graph shovving a percentage of contraction of thickness according to the 
post-annealing conditions of the aluminum oxide films formed by the conventional 
technology and the first embodiment of the present invention. On the X axis, N450, N750, 
and N830 are samples post annealed in nitrogen atmospheres at 450®C, 750**C, and 830®C, 
respectively. O4S0, 07S0, and O830 are samples post aimealed in oxygen atmospheres at 
4S0''C, 7S0^C, and 830''C, respectively. RTO is a sample, on >vhich rapid thermal oxidation 
is performed at 850^C. It is iioted that the percentage of thickness contraction (the decreasing 
rate of thickness) according to the temperature and gas conditions of the post^annealing in the 
alummxmi oxide fihns does not significantly v^ according to whether the films were formed 
by the conventional technology or the first embodiment of the present invention. 

FIGS, 12 and 13 are graphs showing absorption constants and indices of refraction of 
the alimunum oxide films fom^ed by the conventional technology and the first embodiment of 
the present invention according to wavelength. The absorption (Constants of the aluminum 
oxide fihns formed by the conventional technology and the first embodunent of the present 
invention are less than OiOOS for wavelengths of 1 80 through 900 run as shown in FIG. 12. 
That is, the aluminum oxide films formed by the conventional technology and the first 
embodiment of the present invention show excellent transparenc^r. The indices of refiaction 
of the aluminum oxide fihns formed by the conventional technology and the first embodunent 
of Ae present invention do not significantly vary for wavelengths of 180 through 900 ran as 
shown in FIG. 13. 

FIG. 14 is a graph showing wet etch rates of aluminum oxide fihns formed by the 
conventional technology and the first embodiment of the present invention accordmg to post- 
annealmg temperature and the atmosphere gas. On the X axis, as-dep is a sample that is not 
annealed after being deposited on the substrate. N4S0, N7S0, and N830 are sample that are 
post-annealed in nitrogen atmospheres at 450*C, 750^*0, and 830^C. O450, 0750, and O830 
are samples that are post-annealed in oxygen atmospheres at 450*'C, 750^C, and 830^C. RTF 
is a sample that underwent rapid thermal oxidation in an oxygen atmosphere at 850*^0. The Y 
axis denotes etch rates when the respective samples are wet etched by a 200:1 HF solution. 
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As shown in FIG. 14, in the aluminum oxide films formed by the conventional ' 
technology and the first embodiment of the present invention, wet etch rates are reduced as 
annealmg temperatures increase rpgardless of annealing conditions. In particular, viien post- 
annealing is performed at temperatures higher than SOO'^C, the etch rate is rapidly reduced to 
2 through 3 A/min. Also, when post-annealing is performed at temperatures lower than 800 . 
^C, ihe etch rate of the aluminum oxide film accordmg to ±c first embodiment of tiie present 
invention is lower than the etch rate of the aluminimi oxide fiUn according to the 
conventional technology by about 30%. From this, it is noted that the oxide fihn is more 
chemically stable when ozone is used as an oxidizing gas than when water vapor is used as 
the oxidizing gas. 

A case v^ere the aluminum oxide fihn formed by the first embodiment of the present 
invention is used for a semiconductor device, will now be described. 

FIG. 15 is a sectional view showing the structure of a capadtor of a semiconductor 
device, for which a dielectric fihn formed by the first embodiment of the present invention is 
used. The capacitor of the semiconductor device, for which the dielectric film formed by the 
first embodiment of the present invention is used, includes a lower electrode 205 formed on a 
substrate 201 , for example, a silicon substrate, a dielectric film 207, and an upper electrode 
209. In FIG. 15, reference numerals 203 and 211 denote an interlayer dielectric film and a 
capping layer formed on the upper electrode of the capacitor, respectively. 

Heremafter, a capacitor, m which the upper electrode 209 and the lower electrode 205 
are formed of a polysilicon film doped with impurities and the dielectric film 207 is formed 
of an aluminum oxide film formed by the first embodiment of the present invention, is 
referred to as an "SIS capacitor^. A capacitor, in which the lower electrode 205 is formed of 
a polysilicon film doped with die impurities, the dielectric film 207 is formed of an aluminum 
oxide fihn formed by the first embodunent of the present invention, and the upper electrode 
209 is formed of a TiN fihn, is referred to as a "MIS capacitor". A capacitor, in which the 
upper electrode 209 and the lower electrode 205 are formed of noble metals of the platinum 
group, such as Pt and Ru, and the dielectric fihn 207 is formed of an insulating fihn su^ 
TaO fihn or BST(BaSrTi03), is referred to as a "MIM c^acitor". 

FIG. 1 6 is a sectional view showing the strucnire of a transistor of a semiconductor 
device, for which a dielectric fihn formed by the first embodunent of the present invention is 
used. The semiconductor device, for which the dielectric film according to the first 
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embodiment of the present invention is used includes a silicon substrate 301 doped with 
impurities such as phosphorus, arsenic, boron, which operates as a first electrode, a gate 
insulating fihn 305, vduch operates as a dielectric fihn, and a gate electrode 307, which 
operates as a second electrode. In iPIG. 2, reference numeral 303 denotes source and drain 
regions, which are impurity doped regions. 

When the structure of the transistor of the semiconductor device according to the 
present invention is compared with the structure of the capacitor of the semiconductor device 
according to the present invention, the silicon substrate 301 and the gate electrode 307 
correspond to the lower electrode and the upper electrode, respectively. The gate insulating 
fihn 30S corresponds to the dielectric film of the capacitor. 

The insulating characteristics of the dielectric film will now be described with 
reference to the structure of the cs^acitor for conveniei^ce of explanation, however, the same 
treatment q)plies to tiie transistor. 

FIG. 1 7 is a graph illustrating the leakage current characteristics of a conventional 
capacitor and a SIS capacitor, for which the dielectric film formed by the first embodiment of 
the present invention is used, iaccording to applied voltage. . 

To be specific, the SIS capacitor according to the present invention (marked with O) 
is the same as the conventional capacitor (marked with except that the method of forming 
the dielectric fihri of the SIS capacitor is different fiom the method of formmg the dielectric 
film of tiie conventional capacitor. As shown m FIG. 17, tiie SIS capacitor according to the 
present invention (O) shows a take off voltage larger than the take oflf voltage of the 
conventional capacitor (•) at a leakage current density that can be allowed in a capacitor of a 
common semiconductor device, that is, 1 E-7A/cm^. Therefore, since the tiiickness of tiie 
dielectric film can be reduced at a certain leakage current value in the SIS capacitor according 
to the present invention (O), the SIS capacitor according to the present invention (O) is 
advantageous for increasing the degree of integration of the semiconductor device. 

FIG. 1 8 is a graph showing tiie takeoff voltage of tiie SIS capacitor, in \^ch the 
dielectric fihn formed by the first embodunenl of tiie present invention is used, according to 
the thickness of an equivalent oxide film. Since tiie SIS capacitor according to the present 
invention shdws stable msulating characteristics until the thickness of the equivalent oxide 
fihn is 35A, the takeoff voltage is not significantly reduced. When the tiiickness of tiie 
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equivalent oxide film is less than 35A, the takeoff voltage is rapidly reduced, and thus Ae 
insulating characteristics deteriorate. 

FIG. 19 is a graph for sho wing the leakage current characteristic of a MIS c^acitor, 
for which the dielectric fihn formed by the first embpdunent of the present invention is used, 
according to applied voltages. As a common reference value, when a leakage current density 
is lE-7 and a voltage is 1 •2V, the thickness of the equivalent oxide film can be 26.5A in the 
case of the NflS capacitor accordii^ to the present invention. When the thickness of flie 
equivalent oxide film is reduced, it is v^ advimtageous for increasing the degree of 
integration of the semiconductor device. 

FIG. 20 is a graph for comparing the leakage current characteristic of the MIS 
capacitor, for which the dielectric film formed by the first embodiment of the present 
invention is used, with the leakage current characteristic of the conventional capacitor. The 
conventional capacitor is the same as the MIS capacitor according to the present invention, 
excluding that the <tielectric fihn of the conventional capacitor is different fiom the dielectric 
fihn of the MIS capacitor. As shown in FIG. 20, an applied voltage in the MIS ci^itor, for 
which the aluminum oxide fihn according to ttie first embodiment of the present mvention is * 
used, is larger than an applied voltage in the conventional cq)acit6r, in which a TaO film or ^. 
NO film is used as the dielectric fihn, in the leakage current value of l£A per ia cell. That isf to 
say, the leakage current characteristic of the MIS capacitor according to the present invention 
is better, even in a thin equivalent oxide film, than the leakage current characteristic of the 
conventional capacitor. Li FIG. 20, numbers in parentheses denote the thicknesses of the 
dielectric films. 

HGS. 2 1 A and 21B are graphs showing leakage current charact^stics according to 
applied volt^e v^en the aluminum oxide films according to die conventional technology and 
the first embodiment of the present invention are used as the capping films of a MIM 
capacitor. In FIGS, 21 A and 21B, "M" denotes the MIM capacitor when the cappmg fihn is 
not used. In FIG. 21 A, denotes a case where the alummum oxide fihn is formed to be the 
capping film according to the conventional technology. "V" denotes a case where the 
aluminimi oxide film formed to be the capping fihn is hydrogen aimealed at 400^C. In FIG. 
21B, denotes a case vAierc the aluminum oxide film is formed to be the cappmg fihn 
according to the first CTibodunent of the present invention. "6." denotes a case where the 
aluminum oxide fihn fomed to be the cappmg fihn is hydrogen annealed at 400^C. ''V 



15 



denotes a case where the aluminum oxide film fonned to be the capping film is nitrogen 
annealed at 700**C 

In general, when the MIM capacitor is used for a semiconductor device^ the dielectric 
fibn deteriorates during the hydrogen annealing, which is perfoimed in a successive Moy 
process. Accordingly, the cappmg fihn that operates as a hydrogen barrier is formed on the 
MIM capacitor, AsshowninFIG.21A, when the aluminum oxide film formed by the first 
embodiment of the present invention is used as the capping film, the leakage current 
characteristic does not deteriorate since a bairier characteristic is excellent after the 
successive hydrogen annealmg processes are perfomied. However, when the aluminum oxide 
film formed by the conventional technology is used as the capping film as shown in FIG. 
21B, hydrogen of water vapor and an OH ligand deteriorate the leakage current characteristic 
of the MIM capacitor during the deposition process. 

Second Embodiment 

FIG. 22 is a flowchart of a second embodiment of the method of forming a thin film 
using an ALD method according to the present invention, A termination treatmrat of 
combining the dangling bond of the substrate 1 5 with oxygen is performed by o^Q^gen 
flushing the substrate (15 of FIG. 3), for example, the silicon substrate, with oxidizing gas 
(step 21). That is, at any sites where oxygen can be bonded to the substrate 15, oxygen is 
bonded to the substrate by oxygen flushing the substrate (1 5 of FIG. 3). for example, the 
silicon substrate with oxidizing gas. The dangling bond can be combined with oxygen, that 
is, oxygen can be bonded to Ae substrate at any available sites, not only hy performing the 
oxygen flushing, but also by performing ozone cleaning and fonaiing a silicon oxide fihn. 
Also, the oxygen flushing may not be performed on the substrate 15, 

After loading the substrate 1 5 into the reaction chamber (1 1 of FIG. 3), the processing 
temperature of the reaction chamber 1 1 is maintuned to be between 1 00 and 400''C, 
preferably betweoi 300 and 350<'C, and the jKocessing insure of the reaction chamber 1 1 is 
maintained to be between 1 and 10,000 mTon-, using a heater (not shown) (step 23). The 
processing temperature and the processing pressure are niiaintained in the successive steps, 
however, th^ can be changed, if necessary. 

The first leactant such as trimethyl aluminum (A1(CH3)3: TMA) is injected into the 
reaction chamber 1 1 through the gas inlet A and the shower head 17 for a long enou^ time to 
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cover the surface of the substrate, for example, between 1 msecond and 10 seconds, by 
opening the first valve VI, while the processing temperature and the processing pressure are 
maintained (step 25). By doing so, the first leactant is chemisoibed into the oxygen flushed 
silicon substrate. 

The reaction chamber 1 1 is purged with inert gas such as argon for between 0. 1 and 
100 seconds by selectively opening fte second valve V2 vMe the processing tempoature and 
the processing pressure are maintained (step 27). By doing so, the first reactant which is only 
piQrsically deposited on Hit substrate 15 is removed. 

The second reactant, for example, oxidizing gas which does not contain a hydroxide is 
injected into the reaction chamber 1 1 through the shower head 17 by opening the third valve 
(V3) vMe Ae processing tempoature and.the processing pressure are maintamed (step 29). 
N20, 02,03, or CO2 gas can be used as Ae second reactant By doing so, the chemisorbed 
first reactant reacts with &e second reactant. Accordingly, the first reactant is chemically 
exchanged to form a metal-oxygen atomic layer fiUn. The second reactant does not fiiUy react 
with the first reactant However, it is possible to form the metal-oxygpn atomic Uiyer without 
gmerating a hydroxide m a metal oxide fihn as described later oil 

Unnecessary reactants are removed by purging Ae reaction chamber 1 1 with inert gas 
a second time for between 0.1 and 100 seconds v*ile the processii^ temperature and flie 
processing pressing are maintained (step 31). 

The third reactant, for example, an oxide such as water vapor is injected into the 
reaction chamber 11 through the shower head 1 7 for a long enough time to cover tiie surface 
of tiie substrate, for example, between 1 msecond and 10 seconds, by opening a ft>urfli vahre 
V4 (step 33). By doing so, smce the timd reactant m<we actively reacts wifli tiie first reactant 
tiian tiie second reactant does, tiie first reactant whidi did not react wtii tiie second reactant, 

reacts witii tiie tiuid reactant and is chemically exchanged to fiirtiio^ contribute to tiie 
formation of tiie metal-oxygen atomic layer fihn. At tiiis time, since tiie available amount of 
tiie first reactant is reduced by previously reacting tiie second reactant, v»*idi does not contain 
a hydroxide, witii tiie first reactant, a metal oxide fihn m units of atomic lay«s in vHaxAi tiie 
generation of a hydroxide is prevented is formed. 

In the present embodiment, an aluminum oxide fihn (AI2O3) is an example of the 
metal oxide fihn. However, a TiQ2 fihn, a Z1Q2 fihn, a hSh Sim, a T^Os fihn, a Nb205 
fihn. aCe02 film, a Y2O3 fihn,aSi02 fihn, alniOa film, aRu02 fihn. ahOi film, a SrTiQs 
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film, a PbTiOa film, a SrRuOa film, a CaRuOa film, a (Ba,Sr)Ti03 film, a Pb(Zr,Ti)03 film, a 
(PbJ^)(Zr,Ti)03 film, a (Sr,Ca)Ru03 film, a (Ba,Sr)Ru03 film, a In203(ITO) film doped with 
Sn, and a I2O3 film doped with Zr are other examples of metal oxide films which can be 
created according to the preset invention. 

One cycle in which the metal oxide fihn in miits of atomic layers is formed by 
removing the imnecessaiy reactants by purging the reaction chamber 1 1 with inert gas for 
between 0.1 seconds and 100 seconds while the processing temperature and pressure are 
maintained, is completed (step 35). It is possible to prevent the third reactant fix)m reacting 
with the first reactant to the highest degree by fiirther perfomung a step of injecting and 
purging the second reactant which does not contain a hydroxide after purging the reaction 
chamber the third time, 

Then, it is checked vdiether the thiclmess of tiie pietal oxide fihn formed on 
substrate is appropriate, for example, between 10 A and 1,000 A (step 37). When the 
thickness of the metal oxide fihn is appropriate, the step of forming the metal oxide film is 
completed. When the metal oxide film is not thick enough, the steps fi-om the step of 
injecting the first reactant into the reaction chamber to the step of purging the reaction 
chamber a third time (step 35) are cyclically repeated. ; • 

FIGS. 23 A through 23D illustrate the combination relationship between reactants 
adsoibed on a substrate when an the alummum oxide fibn is formed by a method of forming a 
thin fihn usmg an AID metfiod according to a second embodiment of the present invention. 
The substrate 15, for example, the silicon substrate, is oxygen flushed, thus combining the 
dangling bond of the substrate 15 with oxygen, as shown in FIG. 23 A. That is, therefore, at 
any sites where oxygen can be bonded to tfie substrate 15, oxygen is bonded to the surface of 
the substrate as shown in FIG. 23 A. The substrate 15 may not be oxygen flushed, if it is not 
necessary. 

After injecting trimethyl alummum (A1(CH3)3) which is the first reactant into the 
reaction chamber whose processing temperature is maintained to be between 100 and 400^C 
and whose processing pressure is maintained to be between 1 and 1 0,000 mTorr, the reaction 
chamber is purged witii argon gas. By doing so, only tiie first reactant which is chemisorfoed 
mto tiie oxygeii flushed substrate remains as shown in FIG. 6. Namely, various forms of 
bonds such as Si-O, Si-0-CH3, and Si-O-Al-CHs are formed on the silicon substrate. 
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The second reactant vAich does not include a hydroxide such as NjO, O2, 03, or CO2 
is injected into the reaction chamber 1 1 . For example, when N2O is used as Ae second 

2Al(CH})3+3N20-*Al2Ps+Al(CH})j+3C2H6-^3N3'^ 

reactant, the reaction proceeds as follows. 

As shown in the chemical formula 1 , when N2O which does not contain a hydroxide 
injected into trimethyl aluminum, trimethyl aluminum is consumed and AI2O3 is formed. 
That is to say, tiie chemisprfoed first reactant reacts with the second reactant Accordingly, the 
first reactant is diemically exdianged to further contribute to the formation of Ae metal- 
oxygen atomic layer fihn as shown in FIG. 23C. Namely, bonds of the form Si-O-Al-Q are 
formed on the silicon substrate. 

After injecting the third reactant, such as watCT vapor, into the reaction diainber, the 

reaction chamber is purged with argon gas. By doing so, the first reactant wWdi did not react 
with the second reactant, reacts vyith the third reactant and is changed to form the metal- 
oxygen atomic layer as shown in FIG. 23D. At this time, the metal-oxide fihn in units of 
atomic layers, m which generation of hydroxid? is inhibited, is formed since the available 
amount of the first reactant is reduced by previously reacting the second reactant, which does 
not include a hydroxide, wiA the first reactant 

The way m \^ch the aluminum oxide fihn in units of atomic Iiq^, in v^di the 
absolute amount of a hydroxide is small, is formed will now be described m detail. 

The inventors discovered Aat the undesired Iqr-product A1(0H)3 is oontafaied to Ae . 
aluminum oxide fihn by the reaction represented by chemical formula 2, when the aluminum 
oxide fihn is formed by a conventional ALD meUiod. In order to look for the by-product 
A1(0H)3, the present mventors performed an x-ray photoelectron spectroscopy (XPS) analysis 
of the aluminum oxide fihn formed by flie conventional ALD method. 

FIG. 24 is an x-ray photoelectron spectroscopy (XPS) graph of an aluminum oxide 
fihn formed by the conventional ALD method, to FIG. 24, the X axis denotes btoding energy 
and the Y axis denotes the electron count to aibitraty unite. 

It is noted that the right side of the curve b is a litde wider than the right side of the 
curve a whai the curves overlap each oAer centering around 535. leV to Ae alumtoum oxide 
fihn peak formed by the conventional ALD method. That is to say, Ae alumtoum oxide fihn 
formed by Ae conventional ALD meAod shows a graph (b) havtog a widA wder than a 
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graph (a) of a piire aluminum oxide film since A1(0H)3 is contained in the fihn fonned by the 
conventional method. 

Considering the above, when trimethyl aluminum directly reacts with water vapor like 
m the conventional technology, a large amount of A1(0H)3, vsiiich contains a hydroxide, is 
created by the reaction represented by chemical formula 2 . Therefore, in order to reduce the 
amount of A1(0H)3, the absolute amount of the trimethyl aluminum which reacts with water 
vapor must be reduced. In the present invention, since the absolute amount of trimethyl 
aluminum is reduced by reacting trimethyl aluminum with N2O, which does not contain 
hydroxide, and then reacting the remaining un-reacted trimethyl aluminum with water vapor, 
the aluminum oxide film in units of atomic layers is formed with a small absolute amount of a 
hydroxide. 

FIGS. 25 A and 2SB are graphs showing the leakage current characteristics of 
aluminum oxide fihns manufactured by the conventional liiethod and fliie second embodiment 
of the present invention, respectively. The leakage current characteristics are investigated by 
applying the aluminum oxide film to a capacitor. A polysilicon film is used as the lower 
electrode and as the upper electrode of the capa[citor. In FIGS. 25A and 25B, first curves a 
and c denote results of measuring the amount of cunent for a cell, which flows through a 
dielectric fihn, when the lower electrode is connected to ground and a voltage between 0 and 
S V is applied to the upper electrode. Second curves b and d denote results of measuring the 
amount of cun*ent for a cell, wMch flows through the dielectric film, under the sam 
conditions that the first measurement was performed under, after the first measurement As 
shown in FIG. 2SB, when the aluminum oxide film formed by the present invention is used as 
the dielectric film, the leakage current is smaller at a given voltage, for example, 2 V, 
compared with the conventional case of FIG. 25 A at the same voltage and the distance 
between the first curve and the second curve is short. Accordingly, it is noted that leakage 
current characteristics are improved by the present invention. 

Third Embodiment 

FIG. 26 is a flowchart for a method of forming a thin film using an ALD method 
according to a third embodiment of the present inventiorL FIG. 27 is a tuning diagram 
showing the supply of reactants during the formation of the thin fihn using the AID method 
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according to the third embodiment of the present invention. In the following description, the 
formation of an aluminum oxide film is taken as an example. 

Th€f dangling bond of the substrate, which may be a silicon substrate, is terminated by 
oxygen or nitrogen fltishing the substrate 1 5 using oxidizing or nitriding gas (step 41). That 
is, at any sites vAim oxygen can be bonded to the substrate which may be a silicon substrate, 
oxygen is bonded to the substrate by oxygen or nitrogen flushing the substrate IS using 
oxidizing or nitriding gas. the oxygen or nitrogen flushing can be performed using not only 
the atomic layer thin film forming apparatus shown in FIG. 3, but also other apparatuses. 
Moreover, the dangling bond can be combined with oxygen or nitrogen, that is, at any sites 
where oxygen or nitrogen can be bonded to the substrate, oxygen or nitrogen is bonded to the 
substrate, not only by perfonning the oxygen or nitrogen flushing but also by performing 
ozone cleaning and forming a silicon oxide film and a silicon nitride film. The oxygen or 
nitrogen flushing may not be necessary. , 

Aftor loading the substrate 1 S into the reaction chamber 1 1 , the processing 
temperature of the reaction chamber 1 1 is maintained to be between 100 and 400^C, 
preferably between 300 and .350^, and the processing temperature of the reaction chamber 
1 1 is maintained to be between 1 and 1 0,000 mTbir using a heater (not shown) and a pump 
19 (step 43). The processing conditions are maintainec} in the successive steps, however, they 
c^ be changed, if necessary. 

A first reactant, such as trunethyl aluminum (A1(CH3)3: TMA), is injected into the 
reaction chamber 1 1 through the gas inlet A and the shower head 17 for a long enough time to 
cover the sur&ce of the substrate, for example, between 1 msecond and 1 0 seconds by 
opening the first valve VI, while the processing conditions are maintained (step 45). By 
doing so, the first reactant is chemisorbed into flie oxygen or nitrogen flushed ^licon 
substrate. 

The reaction chamber 11 is purged a first time by an inert gas such as aigon gas for 
between 0.1 and 100 seconds by selectively opening the second valve V2, vv^iile the 
processing conditions are maintained (step 47). By domg so, any first reactant which is only 
physically deposited on the substrate IS is removed. 

A second reactant, for example, oxidizing gas which has excellent oxidizing power, 
like water vaponis injected into the reaction chamber 1 1 through the shower head 17 by 
opening the third valve (V3), while the processing conditions are maintained (step 49). 
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In doing so, the chemisorbed first reactant reacts with the second reactant forming a 
thin fihn in units of atomic layers, that is, an aluminum oxide fihn is formed by chemical 
exchange. Namely, CH3 of TMA reacts with H of H2O, thus forming CK4, which is removed. 
Al of TMA reacts with O of H2O, thus fomiing AI2O3. Since the atomic layer thin film is 

"1 

formed at a temperature of 400*'C or less, which is low, TMA is not completely decomposed 
Accordingly, a large amount of impurities such as carbon or OH form bonds in the aluminum 
oxide fihn. 

Any second reactant which did not react with the first reactant and is only physisorbed 
into the substrate IS is removed by purging the reaction chamber 1 1 a second time with inert 
gas such as aigon gas for between 0. 1 and 1 00 seconds, while the processing conditions aie 
maintained (step 51). 

A third reactant for removing unpurities iand improvmg the stoichiometiy of the fhin 
film, for example, an oxidizing ^ such as ozone is injected into the reaction chamber 
through a fourth valve V4 and the shower head for a long enough time to cover the surface of 
the substrate on which the thin fihn is formed, for example, between 1 msecond and 1 0 
seconds (step 53). By doing so, it is possible to remove impurities such as carbon or OH 
which is bonded to and contained in the thin fihn in units of atomic layers, and to solve the 
problem that there is a lack of oxygen in the aluminum oxide film. Accordingly, it is possible 
to obtain a thin film with excellent stoichiometiy. 

A cycle during which the thin film m units of atomic layers is formed, is completed by 
purgmg the reaction chamber 1 1 a third tune with an inert gas for between 0.1 and 100 
seconds v/tnle the processing conditions are maintained, thus removing the un-reacted 
physisorbed third reactant (step 55). 

It is checked whether the thickness of the thin fihn in units of atomic layers formed on 
the substrate is appropriate, for example, between 10 A and 1,000 A (step 57). When the 
thickness of the thin fihn is appropriate, the process of forming the thin film is completed. 
When the thm fihn is not thick enough, the steps, from the step (step 45) of injecting the first 
reactant to the step (step 55) of purgmg the reaction chamber a third time, are cyclically 
repeated. 

In the present embodiment, the aluminum oxide fihn is formed using trimethyl 
aluminum (A1(CH3)3: TMA) as the first reactant, water vapor which is oxide gas as the 
second reactant, and ozone gas for removing the impurities as the third reactant. However, it 
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is possible to fonn a titanium nitride film using TiCU as the first reactant, NH3 as the second 
leactaut, and nitrogen gas for removing impurities and improving the stoichiometry of the 
thin fitan as the third reactant 

Furdiennoie, accoidii^ to the method of foiming an atomic layer thin film of the 
present invention, it is possible to form a single atomic oxide, a composite oxide, a single 
atomic nitride, or a connate nitride other than an altimmum oxide fihn or a titanium nitride 
film. TO. Ta205. ZiC)2, HfD2. Nb205, CeQi, Y2O3, SiOz, In203. Rn02. and I1O2 are 
examples of single atomic oxides. SrTO, PbTO, SrRuOs, CaRuOa, (Ba,Sr)riCb, 
Pb(Zr,Ti)03, (PbjA)(Zr,Ti)03, (Sr,Ca)Ru03, ^263 doped with Sn, InaOs doped with Fe, and 
ImCh doped with Zr are examples of composite oxides. SiN, NbN, ZrN, TiN, TaN, Ya3N5, 
AIN, GaN, WN, and BN are examples of smgle atomic nitrides. WBN, WSiN, TiSiN, 
TaSiN, AlSiN, and AlTiN are examples of composite nitrides. 

A thin film formed by the mdhod of forming a thin fihn using the ALD method 

according to the present invention can be applied to semiconductor devices. For example, the 
tfiin fihn can be used as a gate oxide layer, the electrode of a capacitor, an etdiing stopping 
fihn, a cappmg fihn for priventmg reaction, an anti-reflection fihn during a photolithography 
process, a barrier metal fihn, a selective deposition fihn, or a mdtal gate electrode. 

FIG. 28 is, a graph showing the thickness of an aluminum oxide fihn manu&ctured by 
the method of forming an atomic layer thin fihn according to the third embodiment of iflie 
present invention as a function of the number of times the steps of the method are repeated 
cycles. One cycle includes the steps of injecting the first reactant into the reaction chamber, 
purging the reaction chamber of the physisorbed first reactant, injecting the second reactant 
into the reaction chamber, purgmg the reaction chamber of the physisorbed second reactant, 
injecting the third reactant mto the reaction chamber, and purgmg the reaction chamber of the 
physisorbed third reactant As shown in HG. 28, according to the thin fihn mamifiicturing 
method of the present mvention, since the aluminum oxide fihn is grown to a fluckness of 1.1 
A each cycle and the thickness of the aluminum oxide fihn Imearly uicreases m proportion to 
the number of cycles, the aluminum oxide fihn is easily formed by the atomic layw 
deposition method of the present invention. 

FIG. 29 is a gr^ illustrating tiie uniformity of an aluminum oxide fihn manufectured 
by the metiio^ of foiining an atonric layer tiim fihn according to the third embodiment of the 

pies«it mvention. The X axis denotes the positions of nme pomts: the central point of an 
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eight-inch substrate, four points separated by 90** on the circumference of a circle having a 
diameter of 1 .75 mches, and another four points spaced apart by 90® on the circumference of 
a circle having a diameter of 3.5 inches. The Y axis denotes the thickness of the aluminum 
oxide fihh. As shown in FIG. 29, the uniformity of the aluminum oxide fihn is excellent over 
the eight-inch substrate. 

FIGS. 30A and BOB are graphs for analyzing the aluminum peaks of aluminum oxide 
fihns manufactured by the conventional technology and the method of forming an atomic 
layer thin fihn according to the third embodiment of the present invention, respectively, using 
XPS. To be specific, the X axis denotes binding energy and the Y axis denotes the electron 
count In the conventional aluminum oxide fihn, a large amount of Al-Al bonding occurs as 
shown in FIG. BOA, In the aluminum oxide fihn according to the present mvention, almost 
no Al-Al bonding occurs and Al-0 bonding is most prominent, as shown in FIG, BOB, 
Accordingly, it is noted that the stoichiometry of the aluminum oxide fihn according to the 
present invention is excellent. 

» 

♦ 



24 



FIGS. 3 1 A and 31B are graphs for analyzing the carbon peaks of aluminum' 
oxide films manufactured by the conventional technology and the method of forming a 
thin film using the ALD method according to the third embodunent of the present 
invention, respectively, usmg XPS. To be specific, the X axis denotes the binding 
energy and the Y axis denotes electron count In the convmtional aluminum oxide fihn,. 
a carbon peak is shown, as in FIG. 31A, v^ch means &at alarge amount of carbon is 
contained in die aluminum oxide fihn. In the aluminum oxide film according to the 
present invention, no carbon peak is shown in FIG. 31B. Thwefore, it is possible to 
obtain an aluminum oxide fihn in which impurities such as carbon are reduced 
accorduig to the present invention. 

Fourth Embodiment 

nG. 32 is a flowchart for a method offorming an atonuc layer thin film \ 
according to a fourdi embodiment of the present invention. In FIG. 32, the reference 
numerals identical to those of FIG. 22 denote idmtical steps. 

The fourth embodiment of the present invention is a combination of flie second 
embodiment and the third embodiment Specifically, Ihe fourth embodiment is the same 
as the second and third embodiments except that the reaction chamber is purged a fourtii 
time (step 36b) after injecting a fourth reactant, for example, an oxidizing gas such as 
ozone gas for removing unpurities and improving the stoichiometry of the thin film, into 
the reaction chamber throi^ the third valve V3 and the shower head 1 7 for a long 
enougih time to cover the surface of the substrate on which the thin film is formed, for 
example, between 1 msecond and 10 seconds, like in the tiiird embodiment (step 36a), 
after purging the reaction chamber a third time in the second embodiment 

By doing so, it is possible to remove impurities such as bonded carbon or OH 
bond, which are contained in the metal oxide fihn in units of atomic layers, and to solve 
the problem that oxygen is lacking in tiie metal oxide fihn, to tfius obtain a highly pure 
thin fihn. That is to say, according to the present invention, it is possible to obtam a thin 
fihn of desired quality and to minimize the density of the unpurities by increasmg the 
probability tiiat tiie main reactants react witii each other before or after injectmg them. 
Thus, impurities of tiie tiiin fihn otiier tiian the mam reactants may be removed and die 
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quality of the thin film may be improved through a complete reaction, in forming a thin 
film by an atomic layer deposition (ALD) method according to the present invention* 

As mentioned above, in the method of forming a thin film using an ALD method 
accordii^ to ah embodiment of the present invention, the ligaiK^ of the first reactant A is 
separated due to a difference in binding energy, without the movement of a radical firom 
the second reactant B to the first reactant A. A volatile vapor phase material is fomied 
by the combination of ligands and the vapor phase material is removed by purging. As a 
result, according to the method of forming a thin film using an ALD method of the 
present invention, it is possible to reduce the impurities generated in a thin fihn by sub- 
reactions, since the movement of tiie radical does not occur. 

In the metiiod of forming a thin metal oxide film using an ALD method 
according to another embodiment of the present invention, it is possible to preve^^ 
generation of by-products such as hydroxide in tiie metal oxide fihn by reducing the 
absolute amount of the first reactant by previously reacting the first reactant with a 
second reactant which does not contain hydroxide, and then reacting the first reactant 
with a third reactant which contains a hydroxide. For example, it is possible to form an . 
alimiinum oxide film in which the absolute amoxmt of hydroxide is small by reducing ' 
the absolute amount of trimethyl aluminum by previously reacting trimethyl aluminum 
with N2O which does not contam a hydroxide, and then reacting trimethyl aluminum 
with water vapor. 

Also, in the method of fornung a thin film using an ALD method according to 
another embodiment of the present invention, a third reactant for removing the 
impurities and improving the stoichiometry of the thin fihn is mjected into the reaction 
chamber and the reaction chamber is purged of the third reactant, when the atomic layer 
deposition method is used. By doing so, it is possible to obtain a thin film with 
excellent stoichiometry which does not contain impurities. 
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CLAIMS: 



L A method of fonnmg a thin film using an atomic lay 
method, the method comprising the steps of: 

injecting a first reactant including an atom that fomis the thin fihn and a ligand into a 
reaction chamber tiiat comi)rises a substrate so that the first reactant is chemisorbed into the 
substrate; 

removing any first reactant which is only physisorbed into the substrate by purging the 
reaction chamber with inert gas; and 

forming a thin fihn in units of atomic layers by a chemical reaction between the atom 
that forms the thin fihn and a second reactant whose binding energy with respect to the atom 
that forms the thin film is larger than the binding energy of tiie ligand with respect to the atom 
that forms the thin film by mjecting the second reactant into the reaction chamber and 
rmoving the ligand without genemting by-products. 

2. The method of c^aim l,wherem the first reactant is A1(CH3)3 and the second 

reactant is an activated oxidizing agent 

' • . ■ p 

3. The method of claim 2, wherein the activated oxidizing agent is selected fix>m 
the group consisting of O3, Q2 plasma, and N2O plasma. 

4. The method ofclaiml, further comprising the step of removing a^^ 
physisorbed second reactant by purging the chamber with inert gas after the step of injecting 
the second reactant 

5. The method of claim 4, \^erein the steps, fix>m the step of injecting the first 
reactant to the step of removing any physisorbed second reactant, are repeated a plurality of 
times as necessary. 

6. A method of forming a thin fihn usmg an ALD method, comprising the steps 
of: ' 
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injecting a first reactant into a reaction chamber that comprises a substrate, so that the 
first reactant is chemically adsorbed into the substrate; 

removing any first reactant which is only physisorbed into the substrate by purging the 
reaction chamber with inert gas; 

chemically exchanging the chemisorbed first reactant to form a metal-oxygen atomic 
layer film by injecting a second reactant which does not contain a hydroxide into the reaction 
chamber; 

removing any physisorbed second reactant by purging the reaction chamber with inert 
gas; and 

forming a metal oxide film in units of atomic layers \^le the generation of a 
hydroxide is prevented by injecting a third reactant into the reaction chamber, thus chonically 
exchangmg the remaining chemisorbed first reactant to further contribute to the formation of 
the metal-oxygen atomic layer. 

7. Themediod of claim 6, wherein the first reactant is a metal reactant, the 
second reactant which does not contam a hydroxide i.s N20, p2, 03, or CQ2» and the third 
reactant is oxidizing gas. ' 

8. The method ofclaim 6, v^erein the temperature ofthe reaction chamber is 
maintained to be between 100 and 40b*^C &om tfie step of injecting the first reactant to the 
step of injecting the third reactant. 

9. The method of claim 6, wherein the metal oxide film is one selected fi^om the 
group consisting of a AI2O3 film, a Ti02 film, a Zr02 film, a Hf02 fihn, a Ta205 film, a 
Nb205 fihn, a Ce02 fihn, a Y2O2 fihn, a Si02 fihn, a In203 fihn, a RUO2 fihn, a IrQ2 film, a 
SrTiOs fihn, a PbTiCb fihn, a SrRuOa fihn, a CaRuOa fihn, a (Ba,Sr)Ti03 fihn, a Pb(Zr,Ti)03 
fihn, a (Pb Jia)(Zr,Ti)03 fihn, a (Sr,Ca)Ru03 fihn, a (Ba,Sr)Ru03 fihn, a In2Q3(rrO) fihn 
doped with Sn, and a I2O3 fihn doped with Zr. 

10. ^e method of claim 6, wherein the dangling bond of the surface of the 
substrate is terminated by injecting oxidizing gas before injecting the first reactant, when the 
substrate is a silicon substrate. 
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1 1 . The method of claim 6, further comprising the step of removing any 
physisorbed third reactant by purging the reaction chamber with inert gas after the step of 
injecting the third reactant into the reaction chamber. 

12. The method ofciaim 11, wherein the steps, from the step of injectmg the fi^ 
reactant to the stq) of removing any pbysisoibed thiid reactant, are repeated a plurality of 
times as necessaiy* 

13. The method ofclaim 11, further comprising the step ofinjecting a fourth 
reactant for removing unpurities and improving the stoichiometiy of the metal oxide fihn into 
the reaction chamber after the step of removing the physisorbed third reactant 

14. The method ofclaun 13, \*erem the fourth reactant is 02^^ 

15/ A method offormii^ a tiiinfibn using an All) method, comprisii% the steps 

of: 

injecting a first reactant into a reaction chamber into which a substrate is loaded so 
that the first reactant is chemically adsorbed into the substrate; 

removing any first reactant which is only physisorbed into the substrate by purging the 
reaction chamber with inert gas; 

forming a thin fihn m units of atonuc layers by injecting a second reactm^ 
reaction chamber and chemically exchanguig the first reactant to furtfa^ contribute to the 
formation of the second reactant; 

removing any pbysisoibed second reactant by purging the reaction chamber with inert 
^;and 

injecting a third reactant for removing impurities and improving the stoichiometiy of 
the thin film into the reaction chamber in ^ch the thin fihn is formed. 

16. The method of claim 15, wherein the first reactant is a metal reactant and the 
second and third reactants are oxidizing gases. 
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17. The method ofclaim IS, wherein the thin film is a metal oxi^^ 
a single atomic oxide or a composite oxide. 

1 8. The method of claun 1 7, wherein the single atomic oxide is one selected fiom 
the group consisting of AI2O3, TiOa, Ta205, Zr02, Hf02, NbjOs, CeOz, Y2O3, Si02, In203, 
RuOs, and Ir02. 

19. The method of claim 1 7, wherein the composite oxide is one selected from the 
group consisting of SrTiCb, PbTiOj, SrRuOa, CaRuOa, (Ba,Sr)Ti03, Pb(Zr,Ti)03, 

(Pb J^XZr,Ti)03, (ST,Ca)Ru(^, M3 doped with Sn, IniQs doped with Fe, and IiisOj doped 
withZr. 

20. The method of claim IS, wherein the first reactant is a metal reactant and the 
second and third reactants are nitriding gases. 

2L The method of claim 15, wheriein the thin fitai is a metal nitride fihn formed of 

a single atomic nitride or a composite nitride. > 

• ■ . ' '* ' . • ■ 

22. The method of claim 2 1 , vdierein the single atomic nitride is one selected from 
the group consisting of Sfl4, NbN. ZrN, TiN, TaN, YaaNs, AIN, GaN, WN, and BN. 

23. The method of claim 21, herein the composite nitride is one selected from 
the group consisting of WBN, WSiN, TiSiN, TaSiN, AlSiN, and AlTiN. 

24. The method of claim 15, further comprising the step of removing any 
physisorbed third reactant by purgmg the reaction chamber with inert gas after the stq) of 
injecting the third reactant 

25. The method of claim 1 5, the dangling bond of the sur&ce of the substrate is 
terminated by ihjecting oxidizing gas or nitridmg gas before injectmg the first reactant, when 
the substrate is a silicon substrate. 
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26. The method of claim 1 5, wherein the temperature of the reaction chamber is 
maintained to be between 100 and 400^C firom the step of injecting the first reactant to the 
step of injecting the third reactant 

27. The method of claim IS, further comprising the step of removing any 
physisorbed third reactant by purging the reaction chamber with inert gas after Hit step of 
injecting the third reactant 

28. The method of claim 27, ^^erein the steps, firom the step of injecting the first 
reactant to the step of removing the physisorbed third reactant, are repeated a plurality of 
times as necessary. 
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